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GEOTECHNICAL ISSUES IN STRUCTURAL STABILIZATION OF HISTORICAL
MONUMENT - CLOCK TOWER
Vlatko Sesov
Institute of Earthquake Engineering and
Engineering Seismology-Skopje, Macedonia

Julijana Cvetanovska, Kemal Edip
Institute of Earthquake Engineering and
Engineering Seismology-Skopje, Macedonia

ABSTRACT
Being located in the central Balkan region, the territory of the Republic of Macedonia has a significant historical heritage. The clock
tower in city of Prilep, central Macedonia, dates back to the 19th century. With its total height of almost 30 m, it is one of the most
remarkable monuments. During its serviceability period, the clock tower has suffered some moderate inclination. The presented study
has been focused on geotechnical issues as part of a structural consolidation project for this important historical structure. In the last
decade, in the period between 1998 – 2009, an inclination of 39mm was observed on the top of the clock tower. The measurements
and monitoring of the Clock Tower have proved a tendency for further inclination. The paper presents the geotechnical aspects of the
consolidation project, which mainly consisted of an extensive site investigation involving bore-holing and geophysical measurements,
characterization of the foundation structure, site response analysis of the representative geotechnical soil models and investigation of
the soil-structure interaction effects through a 3d numerical analysis of the existing and strengthened models of the clock tower. The
results have revealed important issues that should be taken into consideration in preservation of historical monuments.

INTRODUCTION
The Clock Tower in Prilep (Figure 1) was built in 1858, on the
location of an older wooden Clock Tower, which was burnt to
the ground. It is an particularly important structure in Republic
of Macedonia and beyond, in the Balkan region. It is a unique
structure of this kind that has been preserved until present in
its authentic architectonic and structural form.
A problem which is to be solved as soon as possible is the
evident inclination of the tower, i.e., the displacement of the
vertical axis in respect to the vertical line in west and
southwest direction by which the existing stability of the tower
is disturbed in static, and particularly dynamic conditions.
Since 1998, there have been different kinds of research works
for the purpose of precise measurement of the extent and the
direction of the inclination and defining the reasons for this
problem. This paper presents a summary of the research
works that have so far been done, the numerical analysis of the
existing conditions of the structure as well as the numerical
simulation of the strengthened tower structure. The proposed
solution for strengthening involves design of a new reinforced
concrete structure (reinforced-concrete jackets to the height of
the foundation along the perimeter of the tower, a slab and
piles) for the purpose of sustaining additional effects due to
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the inclination of the tower itself and the seismic forces and
their transfer through the new structural elements (slab and
piles) to a greater soil depth (avoiding the weaker shallower
soil layers). This concept is expected to prevent further
inclination of the tower and contribute to its stabilization in
the position at the moment of the project realization.

Fig. 1 The Clock Tower in Prilep, Macedonia
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REVIEW OF INVESTIGATIONS
The evident inclination of the tower, i.e., the displacement of
the vertical axis in respect to the vertical line in west and
south-west direction by which the existing stability of the
tower is disturbed under static and particularly dynamic loads
was the main issue to be solved. A series of activities have
been performed for the purpose of systematic geodetic
monitoring of the deformation of the tower geometry. From
the osculation that has been performed for the last 11 years, it
has been concluded that the process of inclination has not been
finished but is further present and will further be accelerated.
Seven series of geodetic measurements were carried out in the
period 1998 – 2009. The main purpose of this continuous
geodetic osculation is to obtain data on the extent of
inclination of the tower. Fig. 2 shows the displacements at the
referent points in the last 11 years (Report from osculation of
the tower dated May 2009). In the passed eleven year period,
the centre of gravity Т2 has deviated from the vertical line for
additional 39 mm. The entire deviation runs westwards. For
the past eleven years, the deviation of the tower axis has
increased for 5` 09`` (from 1о 58` 29`` to 2о 03` 38``).

Considering that there are no data on the characteristics of the
built-in materials of the structure, experimental tests have been
performed by use of a non-destructive method of testing of
dynamic characteristics. The experimental tests by use of the
ambient and forced vibration methods were accomplished in
1999. These investigations reveal the following parameters:
 Resonant (fundamental) frequencies;
 Vibration shapes,
 Damping capacity and soil – structure
interaction.
With the results of these investigations, the modulus of
elasticity to be used to evaluate the bearing and deformability
characteristics of the structure has globally been identified.
All these parameters have been necessary as input data for
correct analysis of the existing conditions of the structure.
From the aspect of extent of geotechnical investigation of the
structure, geomechanical and geophysical field investigations
have been performed on several occasions with the main
purpose of obtaining data necessary for analysis of the
structure and defining the reasons for its inclination (Figure 3).

From these facts, it has clearly been concluded that a technical
solution is necessary to prevent further inclination of this
important historic structure.

Fig. 3 Geomechanical investigations that have been carried
out so far

Fig. 2 Osculation of referent point Т2 in the period 1998 2009
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In 2000, the main geotechnical investigations of the microlocation have been performed (IZIIS – Volume: Report on
Geotechnical Investigations of the Clock Tower Structure in
Prilep – “GEOING” – Skopje, June 2000) to define the
strength-deformability characteristics of the soil layers and the
underground water level – data essential for definition of the
concept and elaboration of a project on structural
consolidation of the structure. Two static penetration tests
have been performed down to the depth of 8.0 m and one
manual pit with a diameter of 80 cm down to the depth of 2.5
m. The following has been concluded to exist:
 Weak geomechanical and penetration characteristics of
the soil down to an average depth of 4.5-6m;
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 Variable thickness of the compressible soil layer below
the foundations;
 Average underground water level -2.4m
This scope of research works was not sufficient enough to
define the mode and the depth of foundation of the tower as
well as the reasons for the inclination, wherefore additional
research works were done in June 2004.
The geomechanical investigations involved two vertical
boreholes down to the depth of 8.0m and 12.0m and four
inclined boreholes down to the depth of 4.0-6.65m. With these
investigations, the following parameters have been obtained:
 The geological profile of the soil below the structure
has been defined to a satisfactory extent;
 More detailed information on the strengthdeformability characteristics of the materials existing
on the location of the structure has been obtained.
In July 2004, for the purpose of investigating the mode and the
level of foundation of the structure, geophysical
investigations were performed. These investigations involved
seismic refraction investigations of three profiles in the
immediate vicinity of the tower and shallow reflection
investigations of nine profiles parallel and normal to the sides
of the tower. These geophysical measurements enabled
getting an insight into the stratification of the soil layers. It
has been concluded that the soil layers run irregularly and
diagonally.
Also, some knowledge in respect to the
foundation structure has been obtained, namely existence of
possible lateral foundation cantilevers that have neither been
practically confirmed nor denied by further investigations
wherefore they have not been considered in the analyses.
In August 2004, based on the conclusions drawn from the
previous investigations, additional inclined and vertical
boreholes were made for the purpose of recording the soil
layers down to the anticipated (diagonal) depth of 14.7 m and
obtaining more detailed data on the foundation of the
structure. These additional investigations could not lead to a
precise definition of the mode of foundation and the
foundation level either.
Although sufficient, the results from the investigations that
have so far been performed regarding definition of the
characteristics of the structure itself as well as the results from
the investigations of the soil conditions and the foundation
structure provide a limited fund of high quality and precise
data on the reasons that have led to disturbance of the stability
of the structure.
ANALYSIS OF THE EXISTING CONDITION
For the purpose to analyze the existing structure together with
the soil condition, a superstructure principle more detailed
explained by Wolf, 1985 is applied. The application of the
superposition principle, in case of linear i.e. equivalent linear
methods, enables the dynamic soil-structure interaction
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problem to be analyzed in phases so that each phase is solved
independently. As first step the structural components of the
tower are analyzed where the soil is simulated by springs
stiffness, and as second step the stress strain conditions in the
soil are analyzed together with the foundation structure where
the tower is added as continuous load.
Structure
From structural point of view, the Clock Tower in Prilep is
constructed as a massive stone masonry structure (from the
terrain level 0.00 to the height of 24.10 m) and a timber
structure extending (from level + 24.10 m to level + 38.70 m),
to the top of the structure.
To define the existing conditions of the Clock Tower structure
in Prilep and to find out as appropriate as possible optimal
technical solution, a three dimensional static analysis and
equivalent seismic analysis have been performed by use of the
finite element method. The analysis of loads for this type of
structures refers, first of all, to definition of the dead weight
loads that are dominant in respect to the life loads. By
assigning the measured inclination on the model of the
existing state of the structure, the existing state of the structure
has in some way been reproduced for the purpose of getting
corresponding knowledge on the effects of the inclination
upon the distribution of the static and deformability quantities
in the structure.
The soil parameters necessary for definition of the stiffness
springs have been taken from the geomechanical reports
elaborated on the basis of the geotechnical and geophysical
investigations that have so far been performed. Here, it should
be noted that, despite several efforts made by use of different
methods (geophysical, geotechnical drilling of diagonal
boreholes and alike), the exact geometry of the foundation
structure has not been defined.
Having no sufficient
knowledge on the mode of foundation, the shape and the
proportions of the foundation as well as the foundation depth
of the structure, it has been assumed that the foundation
structure has the same form as the plan and the structure above
ground to the depth of -5.60 m.
In the proposed mathematical model of the clock tower, the
values of the stiffness springs computed by use of the Bowles'
method have been adopted. Fig. 4 shows the mathematical
model with the foundation structure down to the level of -5.6
m with the stiffness springs. These elements (stiffness springs)
have been modeled for the purpose of simulating the
flexibility of the soil media in order to get a more realistic
insight into the stress-strain state of the tower.
Within the frames of the project and in accordance with the
technical regulations, seismic analysis of the structure has
been performed. It has been done by applying equivalent static
load. For that purpose, a model with masses concentrated at
characteristic levels has been adopted. While defining the
seismic inertial forces, the seismic coefficient has been
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obtained by taking into consideration that the structure is of
the I category (a structure of extraordinary cultural historic
value) founded in soil of III category (weak soil
characteristics) and on location with seismicity of VII°
according to MCS, with a return period of 500 years. The
corresponding seismic forces with total shear base coefficient
of 6.3% of the total weight of the structure have been
computed. These have been assigned at characteristic levels of
the model.

structure – tower interaction. This chapter shows the results
obtained from the analyses of the stress-strain state of the soil
and the soil-structure interaction. This complex problem has
been analyzed by use of the finite element method and
computer program PLAXIS. Modeling has been done by the
so called substructure method whereat the tower has been
modeled with its shape and stiffness (in the part which is in
contact with the soil) by “plate” elements, while the soil has
completely been modeled by “quadratic” elements with 6
nodal points. The structural elements have been modeled as
elastic while the soil layers have been modeled by the MohrCoulomb’s constitutive model. Special interface elements
have been applied for modeling of the contacts between the
tower elements and the foundation soil.
Modeling of such a complex problem has been realized
through a process of variation of the soil parameters for the
purpose of obtaining the inclination angle measured by the last
geodetic measurements. This approach to modeling is based
on the assumption that the tower is a rigid body, whose
present conditions (inclination) are the result of the
deformations developed in the soil whereat the tower structure
itself has suffered no considerable deformations. This is also
confirmed by the fact that more significant deformations of the
tower structure itself have so far not been observed.

Fig. 4 Mathematical model with soil springs of the foundation
structure
From the structural analysis performed with the software
SAP2000 the critical points affected by the inclination were
defined. For example in figure 5 it is shown that the
inclination contributed to the increase of the vertical stresses
in the leaning direction.

Fig. 5 Vertical stresses on the foundation level (-5.6m) in the
inclination direction

Such a modeling certainly does not encompass the problem
completely, particularly in the part that it is an old structure
and that modeling of the rheological properties of the soil
below an existing structure is very difficult. The effects
obtained by the previous analyses (structural analysis –
SAP2000) have been applied on the main model.
Stress-strain state of soil – existing state (dead weight). The
main model that represents, at the same time, a referent model
for analysis of the stress-strain state of the soil has been
analyzed. In the analysis, the tower has been presented by
rigid “plate” elements, the geometry of the foundation
structure has been modeled by use of the data available and
only the dead weight load has been applied. For such effects,
the deformation quantities corresponding to the angles of
inclination of the tower measured during the geodetic
measurements, have been obtained. The selected results are
presented in figures 6 and 7.
The global safety coefficient has been analyzed by ‘phi-c’
incremental analysis. The obtained result from such an
analysis represents a very important data that can be used to
evaluate the safety of the structure in the existing state and the
extent of upgrading to be achieved with the planned
strengthening (Table 1).

Soil
As pointed out, the inclination of the tower is mostly due to
the problem with the foundation soil and the soil-foundation
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Fig. 6 Vertical displacements of soil under dead load in
existing conditions

Fig. 7 Tangential stresses due to dead load in existing
conditions
Stress-strain state of soil – existing conditions (dead weight +
seismic forces according to national regulations) The main
model has been analyzed for the effects of dead weight of the
tower and seismic forces according to the national regulations.
The results from these analyses are shown in figures 8 and 9.
The effects of the seismic forces increase the inclination in the
direction as well as reduce the global safety coefficient. The
inclination angle of the tower in this case of effects has
increased for 40% in respect to the situation with the effects
only due to the dead weight, whereas the global coefficient
from the “phi-c’” incremental analyses has decreased from
2.44 for the dead weight effect to 1.91 for the effect of dead
weight + seismic forces according to the regulations. This
situation clearly points out that the capacity of the existing
state is limited and that the deformation capacity of the tower
along with the foundation soil is exhausted regarding
maintenance of a satisfying level of safety.
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Fig. 8 Vertical displacements of soil due to dead load and
seismic forces in existing conditions

Fig. 9 Tangential stresses due to dead load and seismic
forces in existing conditions
TECHNICAL
SOLUTION
FOR
STRUCTURAL
CONSOLIDATION OF THE CLOCK TOWER
In accordance with the analyses and the knowledge gained, the
proposed technical solution (Figure 10) contains the following
structural elements:
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details, the piles are given with a certain length. This length is
not final and it will be defined in situ - the condition is to
come to a soil layer with good strength-deformability
characteristics and the pile to be inside it for minimum 1
meter.
The main concept of this technical solution is to reduce and
prevent further uncontrolled inclination of the tower by means
of additional structural elements (RC jackets, pile slab and
piles) that are connected and make an integral structure. This
structural unit enables that additional effects contributing to
further inclination be sustained and transferred to the soil
layers with good strength-deformability characteristics and
provides, at the same time, the required stability and safety of
the Tower under seismic loads that, in the case of the present
inclined position, may cause catastrophic consequences.
ANALYSIS OF THE STENGTHENED STRUCTURE WITH
THE NEW ELEMENTS
Structure

Fig. 10 Schematic presentation of the technical solution

This chapter contains the results from the analysis of three
dimensional mathematical model of the Clock Tower structure
with the newly designed elements of the technical solution of
consolidation given in the preceding chapter. The analysis of
the structural elements has been done by use of the finite
element method. The newly designed foundation structure
composed of RC foundation/pile slab, RC jackets around the
tower walls and RC piles has been modeled appropriately by
“shell” and “frame” finite elements. Fig. 11 shows the
mathematical model of the strengthening solution for
consolidation of the Clock Tower.

1) Construction of a reinforced concrete slab with a thickness
of 50 cm in the form of a hexagon around the structure
widened equally for 2.5 m on all sides. The slab is anticipated
to be placed on a layer of well compacted gravel (30 cm) and a
concrete layer (minimum 20 cm). The slab should be min. 30
cm inside the Clock Tower, along its entire perimeter.
2) The connection between the newly designed foundation
structure and the old wall part of the Clock Tower is
anticipated to be realized by external vertical reinforced
concrete jackets with a thickness of 20 cm and height of -2.0
m to + 2.4 m. The reinforced concrete jackets are anticipated
to be located on all six sides of the tower. To achieve a better
connection and enable sustaining of shear forces, it is
anticipated to construct the so called “pockets”, namely to
extract stones from the clock tower and, in those places, built
in concrete with a corresponding reinforcement. The upper
part of this RC wall is to finish with a ring that will be inside
the tower wall for min 20 cm, along its entire perimeter.
3) Construction of 42 cast in situ reinforced concrete piles
with a minimum diameter of D = 30 cm. The piles should be
inside a soil layer with good strength-deformability
characteristics for minimum 1 – 2 meters. In the graphic
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Fig. 11 Mathematical model of strengthening of the Clock
Tower
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decreased by 43% ). In figures 18-21 vertical and horizontal
displacements of the clock tower bottom part due to dead load
and dead load with seismic forces combinations are compared.
It can be stated that the displacement values at the
strengthened structure are much smaller both in horizontal and
vertical directions. Therefore, it can be concluded that the
strengthening approach presented in this study is adequate to
retain the safety of the clock tower structure.

Fig. 12 Vertical stresses on the foundation level (-5.6m) in the
inclination direction
The behavior of the RC piles in the soil media, i.e., the contact
between the newly anticipated piles and the soil have been
modeled by springs taking into account the flexibility/stiffness
of the soil layers along the depth of the geomechanical profile
around the structure itself (Report on Geomechanical
Investigations and Laboratory Tests on the Site anticipated for
repair of the Clock Tower structure in Prilep, June, 2004). The
stiffness of the springs has been computed according to the
Bowles’s method for piles.

Fig. 13 Vertical displacements of the soil due to dead load in
conditions of a strengthened structure

Seismic analysis has been done in the same way as for the
existing conditions, by the equivalent static method. The
computed seismic forces have been applied on characteristic
levels along the height of the structure.
As can be seen from figure 12 the stress in the foundation of
the existing tower is decreased considerably due to the
strengthening.
Analysis of the stress-strain state of soil
In addition to the analysis of the stress-strain state of the
structural elements whose results have been used to proportion
and control the cross-sections in the newly designed solution,
within the frames of this project, considerable attention has
been paid to the analysis of the stress-strain state of the soil in
the strengthened model. The main assumptions in the
modeling process mentioned in chapter 3 hold also for the
strengthened model. The main model has been upgraded by
new “plate” elements simulating the new structural elements
(RC slab, RC piles). Modeling of the soil has been the same as
in the main model. In this way, the results from the analyses
provide a more realistic insight into the effect of upgrading of
the new structural solution upon the stress-strain state of the
soil.

Fig. 14 Horizontal stresses due to dead load in conditions of
a strengthened structure

The results from the analyses are presented in figures 13-17.
Based on the presented results it can be noted that the
deformations and the stresses in the soil significantly decrease
compared to the existing conditions (the vertical
displacements in dead + seismic load conditions have
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Existing structure

Fig. 15 Tangential stresses due to dead load in conditions of
a strengthened structure

Fig. 18 Vertical displacements in soil due to dead load

Existing structure

Fig. 16 Vertical displacements in soil due to dead load and
seismic forces in conditions of a strengthened structure

Fig. 19 Vertical displacements in soil due to dead load and
seismic forces
Fig. 17 Tangential stresses due to dead load and seismic
forces in conditions of a strengthened structure
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CONCLUSIONS AND RECOMMENDATIONS

Existing structure

Based on the analyses of the existing conditions of the Clock
Tower and considering the state in which this important
cultural historic structure is, a technical solution for
consolidation elaborated to a level of a main project has been
proposed.

Fig. 20 Horizontal displacements in soil due to dead load

The main concept of the proposed technical solution involves
design of new additional structural elements to prevent further
inclination of the Clock Tower and raise, at the same time, the
safety of this structure to a satisfying level of functioning in
the next period. It should be pointed out that most of these
new structural elements are anticipated to be constructed
below the terrain level, meaning that the anticipated solution
will have a minimal impact upon the external façade of the
structure.

Existing structure

Based on our engagement in the project, it should be pointed
out that this structure and the problems related to its disturbed
stability need much more attention and much more
investigations for the purpose of reducing surprises expected
in the phase of the realization of the technical solution.
Therefore, this re-defined technical solution is also basically
conservative for the purpose of overcoming of most of the
unknowns and achieving, at the same time, the required safety.
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